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\ AEROSOL INVESTIGATIONS
\
FOREWORD

E. F. Johnstone
Technical Director, Contract AT(30-3)-28

Engineering Experlment Station

University of Illinois
Urbana, Illinois

At the air Cleaning Conference at Ames in September 1952, reports vere

v'given by the Illinois group on the fundamental investigations on aerosols which

were being studied at that time., The following reports have been prepared by
the members of the research staff to show the status of the current work.

Most of the work on the contract at Illinols is carried on by graduete
students in Chemicel Engineering. Thesc men are being trained in research
methods and in the applications of physics and mathematics to aerosol technology.
By working a3 a group, they have the advantages of using standardized procedures
and of group discussions. Of those who have completed their work, several have

.taken positions in university end industrial laboratories where they have con-

tinued their interest in fundamental and practical aerosol problems, Because of
the need for greater knowledge in this field of science in this country, it is
felt that the training of sc1ent18ts is one of the importent contributions of
the work.

’ All of the work on the project is not supported directly by the AEC con-

"trect. A part of it is belng carried on in the regular graduate thesis prograa

in Chemical Engineering. The work of Mr. H. F. Kraemer on properties of charged
gerosols falls in this category. During the past year, the Chemical Corps,
through Contract No, DA-18-108-CML-4789, has expanded the investigation on the
theory of filtretion of very emall particles. This work is being carried on by
Dr. C. Y. Chen, a Research Associate in the Engincering Experiment Station.
Since thece studies are related to the fundamentel properties of eerosols, they
ere summerized here for the interest of those in the AEC who are concerned with
seroscl work.

Turing the ycer, one phase of the theoretical studies and one experimental
prograx were completed. The results were reported in two technical reports as
follows: .

"I. Ths Role of Particle Diffusion and Interception in
Aerosol Filtration; II. Determination of the Drag on a
Cylindrical Fibor at Low Roynolds Number"., Tochnical
Report No. 8, Serisl No, S0-1009, January 1, 1953; cf.
also errata ohoot issuod with Technical Report No. 9.
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"Particlo Size Distribution in Hygroscopic Acrosols”,

 Tecbnical Roport No. 9, Serial No. S0-1010, Mny 1, 1953.

This work was prosented at the Symposium on Fumes and
Mistse at tho moeting of the American Institute of Chemi-
cal Engineering in St. Louis, in December, 1953; the
paper wae published in Chemical Engincering Progress

Syuposium Series,




.. .. . ... . TURBULENT DEPOSITION AND THE BEHAVIOR L

OF DEPOSITS OF SOLID PARTICLES

.v by

S. K. Friedlander, Research Assistant

. When & gas containing particles flows in turbulent motion past & surface,
some of the particles are deposited even though there is no net velocity in the
direction of the surface. This turbulent. deposition results from the fluctuating
velocity component normal to the collecting area. It occurs in the movement of
aerosols through straight ducts, through diffuser sections, and on any body whose
boundery leyer becomes turbulent when passing through a ges conteining particles,
It undoubtedly contributes to removal in such devices as cyclones and cyclone
scrubbers operated et high levels of turbulence. ' .

In essence, turbulent dsposition is a form of inertial removal in which

pudden gusts of fluid move towards the surface, change their direction, and
" thereby cast out the particles which they carry. There is no reel distinction

between this phenomenon and impaction. For example, when a turbulent gas flows
past & flat surface, the motion of the eddles towerd the surface can be thought
of &8 & series of impactions on flat plates, for which we have experimentel end
theoretical de%ta. Similarly, a spherical water droplet moving out of phase with
an eddy probably remcoves particles from the surrounding aerosol by Impaction.
The difficulty in & theoretical analysie of. turbulent impactlon derives from our
inability in most cases to characterize the velocity and scale of the turbulence,
However, since impaction is the mechanism of deposition, the important parsmeter

should be the inertial group (2): o .
) ) CPPveV o i o i )
~ t v =
18pdg
where “ C = Cunningham correctica factor
. PP = particle density - }
i _ i

! 'VE = eddy velocity
d = some characteristic length
4 = gas viecoolty

,dp = particle dlameter
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By studying the effoct of these variables on turbulont doposition, onme should at
leagt be able to correlate exporimental dnta, although prediction of results
from theory is more difficult,

EQUIPWEVT

In order to study turbulent deposition and the behavior of depoaits of
solid particles, the equipment outlined in Fig. 1 was set up. The aerosol en-

_ployed was carbonyl iron powder (Grade SF) manufacturod by the Antara Chemicals

Division of the General Dyestuff Corporation. According to the manufacturer's
catalog, the mass median diameter of the particles was 3 microns with a geometric
standard deviation of about 1.4, This meteriel was chosen because the particles
are quite spherical, easy to sce under the microscope, and easy to disperse.

“Tests disclosed that about 10 percent of the Uarticles were agglomerates end

most of these were doublets. It has the disadventage of a density (7.8 g. /cc )
considerebly higher than that of the usual aerosol particles,

. The iron powder was pleced in a brass "boat", about 1 1/2 feet long, wnich
was pushed forwerd by & threaded steel rod of similer length attached to the
shaft of & small 10 rmm. motcr. In this way, the powder was fed at a steady
rate to an atomizing nozzle. In order to remove the larger particles and in-
crease the homogeneity of the aerosol, & l-inch cyclone was installed after the
atomizer and before the mixing chamber leading to the sexmpling tube. The aerosol
concentration was determined by pessing a lmown volume of air from the sampling
tube through a Millipore filter (Lovell Chemical Co.). The main body of air
passed through a rotemcter and was expelled from the syatem by & Roots-
Connersvills blower.

Two sampling tubes have been used up to the present, one 5.% mm, I,D. and
the other 13 mm. I.D. Both tubes were of thin wall Pyrex, and each was ground
at ons point to permit observation of the inner wall using a microscope with an
oil {mmersion technique. The observation points for the 5.4 and 13 mm. tubes
were placed 50 and 30 dlsmsters, respectively, from the entrance, to minimize
entrance effects. In order to restrict the tests to a Imown particle size, only
those particles with diameters ranging from about O. 6 to 1 micron were counted
both on the Millipore filter (for determining concentration) and on the tube
wall (for determining depositien), and a mean particle mlze of 0.8 microns was
assumed,

_ RESULTS

In gensral, when particles deposit on a surface, two btages can be rccog-
nized. In the first, the individual aercsol particles scatter about the surface
and, unless the valority is high (above 1CO ft. /sec ), there is little re-
entrainmeut In the second stage, as a result of incrowsed depcosition clumps of
particles appear and parts of these may break eway, even at moderate gas veloci-
ties., Since the firat stego seccmed more amcnable to inwvestigation, it has re-
ceived most attention in our exporimental work. ' :

The doposition rate wes charactorized by dofining & particle transfer co~
efficiont, k, with the dimonsions of cam. /min.
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"k = N/c

where - N = deposition rato, particles/(cm.a)(min.)
¢ = particle concentration, pafticles/cc.

I . . . . . . o

A plot of this coefficient as & function of velocity for both experimental tubes
is shown in Fig. 2. The data for both tubes fall essentially along the same
line. Most evidont, however, is.the extreme effoct of increasing velocity on

" the trangfer rate which is proportional to V2. The cause of this extrome veloce
" 1ty dependcnce is not cexrtain although & somewhat similar effect is found for
impaction on flat plates (1). In passing, it should be noted that at the very
high velocity (180 ft./scc.) in the smaller tube, 2.5 percent of the particles
were removed per inch of duct length.

Larger particles (those ebove 2 or 3 microns) appeered to have a greater
tendency to deposit than the smaller sizes and this tendency would be predicted
from the impaction mechenism; however, the larger particles are also reentrained
considerably faster since they project into the higher velociiy regions of flow.
Thus at high velocities, the initial deposit consisted mostly of smallor parti-
c¢les., This effect has also been noted by Rumpf (3), T
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COLLECTION OF AEROSOLS BY FIBER MATS

by

James B, Wong, Research Assistant

A major cless of aerosol filters comsists of beds of individual fibers.
The efficiency of collection and the pressure drop are the important practical
. considerations in the design of theso fibrous filters. An understanding of the
mechaniems by which tho particles are collected on isolated cylinders and the
flow pettern eround the cylinders is fundamental in the design. In view of ths
several mechanisms of particle collection, it is best to investigete them in-
" dividually. In the present work, emphasis is placed on the mechanism of inertial
dmpaction, This mechanism takes place when & particle approaching & fiber '
crosses the streamlines becsuse of its inertia and strikes the surfece of the
fiver. :

_The work is divided into two parts. Part I deals with the Impaction of
aerosol particles on single cylinders (metallic wires) with axes perpendiculer

" 4o the direction of the aerosol flow, Part II deals with the collection effi-

‘ciency and the pressure drop of fiber mats.

" PART I. TIMPACTION ON SINGLE CYLINDERS (METALLIC WIRES)

The theory of impaction of particles on circular cylinders with their axes
perpendicular to the direction of flow has been studied by Sell. (12), Albrecht
(1), Lengmuir and Blodgett (3), Landahl and Herrmenn (1), end Davies (3). Devies
" 4{ndicates that the efficiency of inertial impaction should be & function of tkre
inertiel paramzeter ¥ and the Reynolds KNumber besed on the diemeter of the cylin-
der. Albrecht, and Lengmuir and Blodgett predict on theoretical grounds that a
critical value of ¥ exists below which inertial impaction does not occcur.
“Albrecht gives 0.09 whereas Langmuir and Blodgett give 0.0625 for the critical

value. The other authors do not indicate such a critical velue. : :

. Since exporimental verificetion of the theoretical conclusions 1s lacking,
the present work was undertaken with the purpose of ascertaining the cerrect
function of the efficiency of inertial impaction and the ecxistence or non-
existence of the critical value of ¥, ’ ' ,

‘One-mil end 3-mil platinum wires and 2-mil and L-mil tungsten wires were
used as the circular cylinders. The avergge diameters from measurements under -
the microscops, were 29.0, 82.6, 53.1, and 105.7 microms, respectively, with a
paximum deviation from the average of less then 9 percent., Homogeneous sulfuric
acid serosols were used 1n the exporiments. The aerosols were generated with a
condensation eerosol gonerator similar to that used by Sinclair and IaMer (li).
The perticle sizes wers measured with a calibrated Owl (No. G-2) obtained from
the U. S. Army Chemical Cocrps. The acid concentratlon of the aerosol was de-
tormnined by collecting a woigheble quentity of the particles in the cup of a
high velocity impactor (};) and analyzing tho contents of the cup by titrating
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with 0.1 N osodium hydroxido solution.

Tho experimontal procedure included gencrating e homogeneous sulfurlc acid
aerosol of tho dosired particlo sizo, impacting the aorosol particles on the
" wire which was perpcndicular to the direction of the acrosol flow, collecting
the remaining particles in a glass fibor filtor train, and enalyzing the amount
of acid colleccted on the wire. In order to collect enough acid on the wire for
accurate analysis, & brass drum which could be rotated was attached to the top
of the impacting nozzle and about four feet of wire was unwound from the drum to
pass through the nozzle during a run. The wire, after being exposed to the
aerosol at the nozzle throat, was passed down into an 8-mm, Pyrex glass tube.

At the end of the run, conductivity water was used to wash off the acid particles
impacted on the wire and the gquantity of acid was determined by measuring the
concentration of the wash solution with a precision conductivity bridge and dip-
cell which accurately indicated concentrations as low as 10-6 N. From the quen-
tity of acid impacted on the wire and the total amount of acid in the aerosol
passing the nozzle, the efficiency of impaction could be calculated.

Figure 1 shows the experimental impaction efficlencies on the four wires.

" The range of variebles represented are: , diameter of eerosol particles, 0.56
“to 1.40 microns; Vo, velocity of the aerosol stream passing the wires, 400 to
5100 cm./sec.; and Reynolds Number (Nge = D¢ VoP/K) based on the measured wire
diameters, 13.0 to 330. The density of the sulfuric acid particles, pp, was
substentially constant with an average of 1.48 g./cc. C 18 the Cunninghem cor-
" rection factor end i is the viscosity of the gas.

In the ranges of particle diemeter and eserosol stream veloclty employed in
the experiments, collection due to the Brownian diffusion was negligible, Col-
lection by electrostatic forces was improbable since both the aerosol particles
and the wires were uncharged. Cravity settling should also be unimportent with
. the wires in the vertical position. The collection due to Interception wes esti-
mated to be less than 10 percent of the total collection in all cases, and thus
had very little effect on the shape or position of the resulting efficiency
curve. The curve drawa through the points in Figure 1, therefore, represents
the experimental efficiencles of inertial impaction. . .

The experimentel curve 1s S-shape, characteristic of the inertial impaction
mechaniem on surface and body collectors. It indicatés a crliticel value or V¥
of approximately 0.25, below which impaction does not occur. At high values of
~ the inertisl perameter, the curve appears to be asymptotic to the value of N1 =
. 1. The accuracy &and roliability of the results depend largely on the homogenelty
of the particle size snd the accurccy of the particle slze measurements. The
impaction efficlencies were reproducible in terms of ny, in view of the tén-
fold variation in velocity, the three-fold variation im particle slze, and the
insensitivity of the Owl for detecting small verilatioms In the particle size.

Comparisons of the data for the two pletinum wires show that the higher the
Reyrolds Nuzber, the higher is the impaction efficiency for the same value of
the inertial paremeter. The.same observation cen be made on the two tungsten
wires, This egrees with the theoreticel conclusions, Comperison of the date
for the 1-mi1l platinum wire with those for the 2-mil tungsten wire, end the data
for the 3-mil platinum wire with those for the k-mil tungsten wire, hovever,
show opposite effects of the Reynolds Number, i.e., tke impaction efficiencics
on the 3-mil wire at lower values of the Reynolds Nuxbier ere generally higher
than those on the 4-mil wire for corresponding value af Y¥ ., The explanation of
thie 18 not apparent. When these wires woere obsorved munder the microscope, 1t
wvas noted that the surface of the platinum wire was much smoother than tuat of
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the tungsten wire. Poosibly the acrosol particles adhore to the surfaco of the
platinum better than to the tungotcen wire,

. Figure 2 18 & plot of the expcrimental inertial impaction efficlency curve
togother with the various theoretical curvos proposed. The experimental curve
agroes closely with that calculated by Landahl and Herrmann based on Thom's
flow lines for the Reynolds Number of 10, up to v¥ = 1.4, For values of vV
betweon 0.4 and 1.2, the data indicate impaction efficiencies somewhat smaller
" than those showp by the curve of ILangmuir and Blodgett and considerebly smaller
than the values of Sell, and of Albrecht. This is to be expected since the
~ curves of Langmulr and Blodgett, and Albrecht were basoed on the potential flow

«©of an ideal fluid, and that of Sell was based on an observed flow pattern ob-

" tained at large values of the Reynolds Number on & 10 cm..cylinder. ©No compari-
Bon can be made with Davies' theoretical curve since it was based on viscous
flow at a Reynolds Nuzber of 0.2, far below the range attainable with the method
used in the experiment

For velues of V¥ greater than dbout 1.4, the experimental efficiencies are
‘higher than those according to the curves of Langmuir and Blodgett, and Landahl
and Herrmann, The reason for this discrepancy is not entirely clear. One point
. to be noted 1s that, for high efficiencies of lnertial impaction, i.e., effi-
- clencies approaching unity, the particle trajectories must be nearly perallel to
the direction of flow end the particles must cut across the streamlines upstrezm

"' of the wire where the streamlines begin to spreed. In step-wise calculations of

particle trajoctories, it is not practicel to start the calculation more then a
few diemesters (of tho collector) upstream, It is possible that errors introduced
by this could cause the calculdted impaction efficiencles in the high efficiency
rengos to be lower than the correct ‘values,

' The critical value of v ¥ at approximately 0.25 shown by the experimental
{mpaction efficiencles agrees with the values of 0.3 and 0.25 explicitly stated
by Llbrecht, and Langmir and Blodgett, respectively. The curve of Iandzhl and
Herrmann also implies that the efficiency of inertial impaction is negl givle &t
the value of V¥ less than O. 25. : .

PART IT. COLLECTION EFFICIENCY AND PRESSURE DROP OF FIBER MATS

. The theory of the collection of particles on fibrous filters har been

studied by Albrocht (1), Langmuir (8), and Davies (3). Albrecht‘'s theory is
based orn the potential flow of an ideal fluid, a condition very different from
viescous flow which ordinarily takes place in these filters. Iangmuir's theory
takes into account only two mechanisms of collection, Interception and Brownian
diffusion. The experimental date of LaMer (£), and RamsXkill and Anderson (10)
show that the mechanism of inertiel Impaction also plays an important part in
the collection efficlency of these filters. However, thsse authors have not
evaluated this mechanism quantitatively. Davies!' theory takes into account all
of the mejor mochanismo of particle collection, He proposod an cquation derived
on theoretical grounds for the efficlency of the fibers fn tho filter. The
Present work wes conducted with tho purpose of evaluating quantitatively the
mochanism of 1nercial impaction.

Prescurc drop across fibrous modla has beaon studied on the basis of the
bhydraulic radius concept of Kozeny (5) and Carmen (2). Davies (3) studied the
Provlem by dimensionsl analysis. Iborall (k) and Langmuir (8) derived theoreti-
cal equetions for the pressurc drop., The conclusions of theseo authors are not
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in godd'agrccmcnt. Another obJect of the presont work was to test the proposed
equetions experimentally. o : _
. By essuning (a) all fibers in the filter mat are perpondicular to the di-
roction of flow; (b) the fibers do not interfere with each other; and (c) the
ends of fibers have negligible effect, the following equations have been dorived
for the collection efficiency and the pressurc drop of the fiber mat:

 fmat=1- (yp/MNy)=1-e \sDz/) (1)
. | 2pVs @ hcp _ | I
- . aP= S : (2)
: \ ’ | 7 ﬂDf l ‘
where
M mat = collection efficiency of the fiber mat

Np/No = fraction of particles penetrating the mat

@ = fiber volume fraction, i.e., volume of fibers per unit
volune of mat ' :

- i

diemeter of fibers in the mat

1=
H
i

b = thickness of the mat

©
]

density of the gas

Vo = volumstric velocity of the aerosol straam.paésing the mat

3
L}

total efficiency of the single fiber

 Cp = drag coefficient on the single fiber

In actual fivber mais, none of these assumptions 1s completely Justified. Ths
apprecach followed in the present work was to use the equations as beses for cor-
relating the exporimental dnata, incorporating all of the effects which wore not
elready teken into sccount a&s an effective fiber efficiency, Mg, 8nd an effective
fiber drag coofiicient, Cp,, instcad of 7 end Cp in the equeticns, }

Tbo fiber :mets uced in tho present work wera formod from three types of
glass fibers medo by Glass Fibers, Inc., Toledo, Ohio, unbonded "B" fivers, "450"
yerns, and "150" yerns. Tho dicmoters of the fibers woro measured under the mi-
croscope and wero found to average 3.51, 6.2L4, and 9.57 microns, respoctivoly.
Tho mats wore formed by Arthur D. Littlo, Inc., Caxbridge, Massachusetts, Four
bulk densities of approximately 1.0, 1.3, 1.6, aud 2.0 g./cc. were formod from
each type of fibor. Tho thickness of the mats ranged fram 0.13 to 0,22 cm.

Most mats wore uniform after tho binding sgent kad boen burned off.
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The experimontel procoduro was similar to thrt followod on the impaction o
single wires. The aorosol was dirccted to pass the mat which was placed in a
Iucite holdor with the mat faco perpcndicular to tho direction of flow and tho
~ pressure drop was measured by mcans of inclinod end ordinary manometers. The
colloction efficiency of tho mat was calculated from tho quantities of acid col-
Jected on the mat and in tho filter train following tho mat as determined by
titration with standard sodium hydroxide solution and by conductivity measurc-
ment. . S . o . .
Figure 3 shows the experimontal collection efficiencies. The ranges of
variasbles ropresented are: diamoter of acrosol particles, 0.4%3 to 1.3 microns;
volwmotric velocity of aorosol stream passing mats, 17 to 260 cm./aec./ Reynolds

"Nuzber based on the fiber diamoter, 0.04% to 1l.hk; fiber volume fractiom, 0.045 to
" 0.098; and thickness of mats, 0.13 to 0.40 cm. The collection efficiency on the
mats renged from 0.04 to 0.998. -

- In the experiments, Brownien diffusion, electrostatic attraction, and grav-
ity sottling were negligible. The best curves for the effective fiber efficiency
through the points at the interception parameters (R =‘Dp/Df) of 0.1, 0.2, and
0.3, therefore, represent the total efficiency of impaction, which includes the
inertial impaction and interception efficiencies, and the effect of fiber inter-
. ference, fiber ends, and nocn-uniformity on the total efficlency of impection.

At YV of approximately O.4, inertiel impaction becomes unimportant and inter-
ception becomes the controlling mechanism as shown by the flattening of the
curves. This critical value of V¥ of 0.4 is between the values of 0.52 end 0.3
predicted by Langzmuir end Albrecht, respectively. It is greater then the value

* of 0.2 obteined experimentally by Ramskill and Anderson. Figure 3 shows that
the mechanism of inertial impaction can be represented quantitatively In terms
. of the effective fiber efficiency. .’ _

Figure 4 shows the experimental pressure drop data correlated on the basis
of the effective fiber drag coefficient. The ranges of wveriables are the semo
as thoce described for the collection efficlencies since the measuremsnts were
taken eirmltanecusly. The pressure drop across the fiber mats renged from 0.3
to 30 cm. of weter, The fiber volume fraction, @, has a marked effect on the
effective fiber dreg coefficient. The higher the volume fractiom, the higher
the effective fiber drag coefficient. The effective fiber drag coefficlent can
be predicted by means of a theoretical equation based on an idealized mat wita
its fibers equally oriented in the three perpendicular directions one of which
16 in the direction of flow and an empirical factor, 1 + 60@1.8/Ngg0.3, This
correction factor agreed with previous conclusions in that the drag on the fiber
increases with the fiber volume fraction and the drag decreases with the
Reynolds Number., Curves for this equetion for @ of 0.08, 0.0k, and zero are
shown in the figure. The figure also shows the theoretical and somi-theoreticel
curves of Kozeny-Carmen, Devics, Iberall, and Langmuir. Calculated for @ = 0,08,
the averzge fiber volume fraction in the exporimonts., The Kozeny-Carmen, Davies,
and Langmuir equetions all predict the effective fiber drag coefiiclent to be
inversely proportional to the Reynolds Number, i.e., a straight line with a
slope of -1 in thic plot. The experimental data, however, show o definite cur-
vature. This indicatoes that the equations of these authcrs, while appliceble in
a limited renge of the Reynolds Nuwrber for particuler types of fibrcus medie,
are functionally incorroct. Iberall's theoretical equation (“Iberall I" in the
figurs) shows approximately the correct curvature. The reason that his equation
predicts too high a pressure drop can be explained on the basis of his erroncous
essunption that the drag fj;co per unit length for fibers parallel to the direc-

/e
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tion of flow was groater than for fibers porpondicular to the flow. it is con-
" cluded that tho pressuro drop across fibor mats can be correlated on the basis
of the effective fibor drag coefficient.

" From Equations 1 and 2 and the results of the exporimental work, the opti-

mum fiber mat can be derived for filtration of eerosols in the range 1n which

inertial impaction is the important meochanism of collection. )

-
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FILTRATION OF SUBMICRON SIZE AEROSOLS
: BY FIBROUS MEDIA

. by ’ s e e

C. Y. Chen, Ressarch Ascsociate
Chemical Corps Contract No. DA-18-108-CML-4789

The object of thie research is to study the filtration of aerosol particles
through a fiber mat both theoretically and experimentally, Much work hes been
done on the development of pew filter material and on the measurcment of penetra-
tion of aerocols through filter material, but not much has been done on the the-

"oretical predictlion of the penetration of filter meterials and on the experimental
study based on the theorctical prediction. The present study is along this line.

- THEORY R

For filtration of uncharged submicron size aerosols with uncharged filtering
~medium, the particles might be removed either by inertiel impaction, direct in-
terception or Brownian diffusion. To study the filtration of aerosols by fiber
mats, 1t 1s necessary first to learn the filtration or collection efficiency of
& single fiber which composes the mat, .

For single fibers, the efficlency of collection of serosols {n) by any msch-
anism can be expressed as the ratio of the cross sectional area of the origlnal
~8tream from which particles of a given size are removed because their trajectories
"intersect the collector surface to the projected area of the collector in the
direction of flow., The efficiency of collection by inertias impaction is a func-
tion of ¥ =(CPP dpe v)/(18u dr) end NRg; by direction interception, 7 is a functicn
of R = d/d. anid Npe; and by diffusion, 7 is a function of D = Dpy/v dp end Nzg.
The collection by inertial impection and diffusion increases with ¥ and D, re-
spoctively, end always increases with increase of Npe. The importance of direct
interception increases with increase of R and decreases with increase of ¥ and D,

Not much experimental work has been done on the collection efficlency of a
single fiber especlelly under the conditions present during the filtration by
fiber mats, that is, very low Reynolds number, Until recently, the calculation”
of collection efficlency by inertisl impaction was based on potential flow which
can hardly be in the cese in the fiber mats when the Reynolds number is usually
much less than 1. Davies(l) calculated the inertial impaction and direct in-
terception on fibers assuming viscous flow., Fram his results, 7 could be plotted
es a function of ¥ with R as a paramoter. Davies' results indicated thret inertial
impaction efficiency bazed on viscous flow is much lower than that calculated
fram potential flow. ILengmuir (2) has derived cquations for predicting the col-
lection efficlency of a single fiber by interception, by diffusion, and by inter-
ception end diffusion coxbined, Ho derived his equations from Lamb's squetion
for viscous flow arcund & cylinder tromsverso to the flow. Figure 1 shows the
collection efficiency by diffusion and intercoption at a Reynolds number of 10-2,

366 ' ~ WASE-170
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~ An interesting concluscion from thoso calculntions is that the collection effi-
clency due to both effocts 18 highor than the sum of tho efficloncies due to the
individual offocts alono. The same conclusion con be drawn from the Davies cel-
culation of the cambined effocts of inertial impaction and interception. .

The ovcrall efficiency due to inertial impaction, interception ernd diffusion
is very difficult to calculate. A reasonable assumption is that the overell ef-
ficiency will be equal to the sum of the efficiencies due to inertial impaction
and Intoercoption and that due to diffusion and interception. Calculated effi-
ciencles based on this sssumption for 2 g and 3 K diamctor fiber for different
particle size and velocity are shown in Filgures 2 and 3.

The oricentatlon of fibers in ordinary fiber mats can be considered es lyirng
between two extreme cascs. In the first caso, the fibers are dispersed uniformly
and far epart and the neig hboring fibers ere staggered with respect to each other,
In the second case, the fiber in each layer of mat is lined up to form a group of
capillaries, The ordinary fiber mat with high porosity epproximates the first
case.

In a fiber mat of the first case with porosity approaching 100 percent, -all
the fibers axre available for collection. It is possible to express the oversll
collection efficiency of this ideal fiber mat as a function of individual fiber
total collection efficiency 7 as definsd above,

\

N L l-e L . ' : o
"ln—-—"-'-—,'n' — . . - (l)
No T € de S .

. This equation applies only when the fibers are far apart and there are no in-

terforence effects between neighboring fibers. Actually, the equation is ap-

proximntely true for kigh porosity fiber mats. It is reasonable to express the

neighdboring fiber iInterference effect as a function of interfiber distance, or

. a8 a function of porosity only for the sams type of mat within s narrow rengs of
Rynolds nuzber. Thus, the following equation can be used to express ths fiber
-mat collection efficiency.

.

- XN L l-¢ L
. -Iln — =~ N —— s — + F (€) (2)
No~‘ s € dp

'F (€) has a limiting value of 1 for mats with porosity of 100 poercent; it is
greater than 1 when tho porosity decreases, ond has an ssymptotic velus for low
porosity mats, The function can be calculated from preossure drop measurements
across the mat. For a fiber mat with porosity approaching 100 percent with all
the fibors transverse to the flow, the pressure drop con be expresssd in tho fol-
lowing form, based on the Langmuir equation for the drag force of a single cylin-

" der transvorse to the flow when Npg is less than ono:

Ap = — . (3)
2-1n Mo dp” &
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. White (3) bas shown that the viscous drag force for.a singlo cylinder in &
finite conteinor is higher than that predicted by Lamb's equation for an i1so-
lated cylinder. The deviation is a function of tho ratio of the distance between
the fiber and the container and the fiber diameter. It can be expressed as a
function of porosity for fiber mats to account for the effect of neighboring
fibers. This function also has a limiting value of one for 100 percent porosity;
it increases to an asymptotic valuo for low porosity mats and will be approxi-

. mately the same function of porosity used above to describe the nelghboring fiber
interference effect on collection efficlency. Thus the pressure drop aecross the

fiber mat can be expressed as . : :

16(1-€). kL ’ o . _ o
&p = C—— T () : | ()
2-1n N df“ &c SRR :

From this discussion, we are able to calculate the penetration of a fiber
mat from the physical factors of the mat (thickness, fiber diameler end porosity),
the pressure drop across the mat and the collection efficlency of a single fiber
calculated for the operating conditions (velocity, particle density and diemster).

It is now possible to show whether a size of meximum penetration exists for
a certain fiber mat from the calculation of the single fiber collection effi-
ciency. Table I shows the results for mats of 34 and 24 fibers., It is not sur-
prising from the teble that the controversy concerning maximum penotration arises.
It is simply due to the fact that only a few experiments have been carried out
under very limited experimental conditlons.

TABIE I, PARTICLE SIZE AT MAXIMUM PENETRATION
Particle density = 1 g./cc,

: For Filber Size For Fiber Size

Averege Volocity 3 microns 2 microns
cm, [sec, - microns microns
. . . o o ‘
0.1 0.52 0.45
1 0.28 - 0.23
6 0.19 0.16
10 0.15 0.1}
40 0.11 0.10
100 - 0.07

P, 0.070

EXPERIVENTAL

A LaMer-Sinclair type homogoneoué liquid eerosol gonerator was dbuilt for
this ctudy with DOP es acrosol material, The particle slze was measured elther
by the polarization "Owl", tho growth method (4), or by tho diffusion battery (5)
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deponding on the range of tho size' of tho particlos. Ponetration through the
mat wes moasurcd by the NRL-E3 pontrometor., 'Extensive penotratlon meesurcmonts
on eir-formed B glmss fiber mats are in progress. The presont mats used contain
a wido range of fiber size. Some of the initial experiments indicate that the
theory is quite satiofactory. .

Table II contains somo emperimontal results compared with the theory assum-
ing the diaxeter of fiber is 3.5 microns. The actual size of the fibers has a

wide range of distribution and the average size 1s asbout 3.5 microns.

" TABIE II, COMPARISCON OF EXPERIMENTAL RESULTS
WITH THEORETICAL PREDICTION
B glass fiber mat porosity 98.6%; thickness 1.2 cm.

Aerosol material: DOP; particle size, 0.304

: ‘ ' n . by calculation
s Velocit From Expt. based on dp = 3.5
' cm, /sec. , '
26.8 2.29 x 1072 2.58 x 102
12.0 2.61 2,38
- 5.33 2.70 L 2.76
- 2.98 __2.66 3.16
1.69 3.8 ' 3.48
0.89 4.35 4,18

,CONCLUSIOYS

: Fram the experimental data available at the present time, the results agree
with the theoretical prediction fairly well. Additionsl experimental work is in
progress, The results indicate that the ponetration of a fiber mat for the first
time can be predicted by theoretical celculetion. Also, the development of a
new filter material can be muade on & sclentific basls rather thsn by a cut- end~
try method, The controversy on whether a maximum penetration size exists has
been solved by thoorctical celculations and the experimental conf tian of the
theoxy will be presented in the near future. -

NOMENCLATURE - _ -
C = empirical correction for resistance of air to the movement of
emall particles (at room temperature end atmospheric pressure,
C = 1+ 0.16/dp, where dp is particlo diameter in micrams).
dp = particle dlameter

v = upstream velocity or avorage volocity
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de = {iber aiamoter
DgM = Brownian diffusion cooefficient of“ aorosol particles
N/No = fraction of penotration of acrosol through fiber mat .-
. L= thiehlees of fibver mat

Ap = pressure drop across fiber mat

b, mass x ft.

gc = conversion factor, 32.2
: ' 1b. force x sec.2

F(e) = & function of porosity representing neighboring fiber inter—
ference effect

Dpy
v dp

- D = diffusion parameter,

R = interception pai‘ameter, dp/d.f

C L Py &t v
¥ = inertia parameter __— ~

: : 18 u 4p
i

P, = particle density
P = £luld density . o
# = fluid viscosity
7 = collection efficiency of a single fiber

€ = porosity of fiber mat ) O

8
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INFLUENCES OF ELECTROSTATIC FORCES
ON THE DEPOSITION OF AEROSOLS

by

: H. F. Kraecmer
. Ethyl Corporation Fellow in Chemical Engineering

In recent years several studies have been made on the mechanisms by which
particulates can be removed from an aerosol. Although emphasis has been placed
on the inertial mechanism of collection, the effects of small electrostatic .
cberges on the aerosol particles and on the collecting surface must not be over- '
looked in promoting the collection efficiency. Many natural aerosols are elec-
trically charged, es are some collecting surfaces such as the fibers in & resin-
wool filter. Uncharged surfaces or aerosols readlily can be given an electric
charge, thereby increasing the separation of particles from the serosol.

The utilizetion of electrostatic forces in promoting aerosol deposition may
be adventageous in several ways. The foremost advantage is the high collection
efficiency (based on projected cross-sectiornal area of the collector) that is
possible. Although a collection efficiency of more than 100 percent is not pos-
sible when only inertial forces are used, efficiencies of 10,000 percent or
higher may be achieved if both the collector and the eerosol are charged.* The
collecticz efficiency using electrostatic forces remains high even for sub-
micron particles, although inertial forces in this case may be negligible.
Another conalderation is the fact that elecirostatic mechanisms of collection
requiro low aerosol velocities of flow across the collecting surfece. The pres-
sure drops in the system consegquently will be much lower than would be the cass
for similar collection by the inertial mechsanism,

The purpose of the current research is to investlgate the mechanisms of
aerosol depogition under the influence of electrostatic forces and to indicate
~....the conditions and types of equlpment wherein electrical charging may be bene-
flcial

THEORY K

. Studles are teing mede of the motion of a’chorged serosol particle flowing
Past & sipgle spherical collector Figure 1. The collectiocn efficiency can be
calculated theoretically if the outermost limiting traejectory is known for the
aerosol particles just grazing the collector.

The differential eguations of motlon of a single aerosol paiticle approach-
ing the spaericel collector are given in Figure 2. The equations arc derived
from force balances of the fluid resistance and of tho electrostatic forces of

T | .
*The collection efficlency is defined as the fraction of the aerosol re-
roved frcm a fube of gas eubtondod by the collecting obstacle as the gas flows
past.

37h WASH-170
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attraction between (1) & charged colloctor and o charged aerosol (paramotor Kg),
(2) a charged collector and its image in an uncharged aerosol particle {paramcter
KI), (3) a charged acrosol and its image in an uncharged collector (paramcters
EM and Kg). The scveral electrostatic forccs can be shown to be approximately
additive. Potential flow strecamlines and Stokes' law aro also used in deriving
the equations. Since the differential equations have been made dimensionless,
all of the experimental variables are contained in the dimensionless parameters
-KE, X1, Ky, Kg Figurc 3. ) :

Although the solution of the two simultaneous differential equations is
possible only by a numerical method, order of magnitude solutions may be obtained
by ignoring the bending of the air streamlines eround the spherical collector

* and by considering only one collection paremeter, Ep, Ky, Kg or KM, at a time.

Tho numerical solution of the trajectory equations has been completed by
meens of the electronic digital computer, the ILLIAC. Collection efficilencies
were calculated for a range of values of the four parameters, Kp, Ky, Kg and Ky.
Some of the results are shown in Figure k. o

In order to interpolate betwecn solutions obtained with the computer, the’
collection efficiencies and the collection parameters may be correlated by curve-
fitting with & high-order multiveriate polynomial. ~

| EXPERIMENTAL FQUIEMENT AND PROCEDURE

The equipment is shown in Figure 5. A dioctylphthalate (DOP) fog 1s pro-
duced by condensation of the vepor in the presence of salt nuclei. The perticle
diemeter is about 0.8 + 0.2 micron. The zerosol 1s charged electrically by vass-
ing it through coexial electrodes in a state of corona. Charges of +10 to +80
" electronic units can be obtained. A description of the mechanism of the charg-
ing process and of the method of measuring the charges on the agrosol perticles
was given at the Ames Conference in 1952,

The charged eerosol then flows past the spherical collector which is a 7/16"
steel bell mounted on the end of a semi-conducting cone. The cone acis &5 en
electrostatic shield eround the wire connecting the sphere to a high voltage D.C.
power supply (0-10,000 volts). Without it, the electric charge on the wire af-
fects the collection on the sphere, '

The electrical charge on the aerosol is determined from the deflection of a
strecmer of eerosol flowing in a transverse electric field. The aerosol is
carried -through the field by en envelope of moving eir. The size of the parti-
cles iz measured by the "Owl" and by a high velocity cascade impactor. The mass
concentration of the aerosol is determined by precipitation of a sample in a *
small glass and platinum Cottrell precipitator. ' : o ’

The collection efficiency is determinod experimeontally by measuring the
amount of aerosol deposited on the sphers and in the sampling Cottrell precipi-
tator. The DOP is removed from the collecting surfaces by washing with ethyl
alcohol and the concentration found by ultra-violet spsctrophotometry. Collec-
tion on the sphere ranges from 1 to 10 micrograms of DOP per minute,

EXPERIIZNTAL RESULTS .
Tho preliminary date are shown in Figuros 6 and 7. The inertial parazoter ¥

is about 10-6, According to theory, the inertial forces should therseforc have a
negligivle effect on tho deposition.

——
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‘ The actual collection agrecs approximately with that predicted by thoory.
In the case of the uncharged aerosol flowing noar a charged collector, tho data
heve a high exporimental variebllity on account of the small amounts of DOP that

were collected and mocasured.

In Figure 7 the data are plotted versus a modified parameter. Whenever &
collector ie grounded, even through &' high resistance, charges are induced on
the collector by all the surrounding charged particles., This induced charge
occursd in addition to the imege and void space effects described by ths param-
eters Ky and Kg. The induced charge is calculated by an integration process and
its contribution to deposition is combined with that of the Kg parameter., The
~cambined parameter is Kg. Figure 7 illustrates data in which the induced charge
. resulting from grounding the collector was the major factor influencing deposi-

tion. .

PRELIMINARY CONCLUSIONS

A practical epplication of electrostatic forces is illuatrated in the use
of charged weter droplets for collection of aerosol particleu which tkemselves
are charged by passage through a corona discharge. An electrified wet scrubber
would have eeveral advantages over both the conventional wet cyclone and the
Cottrell precipitator. Compared to a conventionael scrubber, the electrified
scrubber should provide better removal of submicron aerosol perticles, Con-~
versely, it would require less water and could operate at lower velocities and
pressure drops for the same efficlency of aerosol removal. Furtkhermore, it
would have several advantages over the Cottrell precipitator. The precipitated
material would be removed continuously on the surfaces of the sprey droplets,
thereby eliminating the problems often encountered in precipitating dusts that
have & tendency for reentrainment. The retention time in an electrified scrub-
ber would be lower than in a Cottrell precipitator because an aerosol particle
must travel a shorter distance to the nearest spray droplet. Also, the elec-
trified scrubber would be operatod at relatively lower voltages (1000 to 10,000
volts) since the collection distances are smaller.

An electrified spray scrubber is now being constructed to evaluate its
potentialities, .

’
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* Angular Velocity of Aerosol Particle

3 o
E_@_ = - (2r ':1) sin@ . A
at . 2r :

Badia/l Volocity of Aerosol Particle

(kz +. Kg) K r 1

ar (r® - 1) .
— = _ §inf - —F—F= - —= - Ky -
as _rs. ~— r° , r® _ (% - 1)° r

.

FIGURE 2 - DIFFERENTIAL EQ,UATIOHS OF TRAJLCTORY (F AEROSOL PARTICIE

Potential Flow with Eloctrostatic Forces and
Stokes! Reeistance _
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g i
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PICUR: 3 - ELECTROSTATIC COLIZCTION PARAISTERS

379




© WASH-170

. 38

MNMY0 I ¥3LIWVEVY NOILDITN105

¢-Ol

1111

20! 1 Ol 00I . -0l 2-01
. .:___d ] VT T T } LILLL I B | § i LOLBL ML IO ] _:____._
onax

- 11390078 % , .
= HinWoNY ag MM — 3y, =
[ _
- oz=1y .
B . . d31VOIGN! 3SIMY3IHLO SS3IINA N
~ OY3Z 34V SYILIWVYEVL TV SNOILNI0S _
- AVIIYIWAN JNOS ~ ADN3IIDIJ43 =
- _ Lt NOILD371709 IVIILIYO3IHL + 014 Ly S

ol

AON3I21d4d3 NOILD3110D

oI




381

WASE-170

T
Alddns
¥3AMOd
‘A0000I-0
LSNVHX3.
anNv
S31dNVS

3Y3HJS
ONI112371102

‘A 000x

LN3NdIN03 TVININIY3dA3 J0O Wyygovia >>0...Elm.o_... .

HO41VY3INIO
J0S0¥3V

YIOUVHD
VYNO¥O0D




- . Iy yo3y Y¥Y3L3IAVHVI NOILDI3TT0D :
2-0! ¢-0l -0l . -0l

0-0! =01

AYO3HL-3y

N

11

WASH-170

L | NN

[T T T AL LU

o o

AYO3IHL-IY

Lty

G30uUVHO
70S0¥3VY GNV ¥01237700 HL08 -0
032YVYHD ATINO 'H0.1D2371700-0
*3Y3HJS Q32HVHI V NO

NOILD317102 Y04 ViVa IVLINIWIU3dX3
ONV AYO3HL 40 NOSIYVJINOD '9°'Did

I'0

o1

AR __:____ L]

362

|
|
'

ADNZ3IDI443 NOILD3TN0D




383

WASE-170

S SY S¥3L3INVYVY NOILD3TI0D
0-0! .. 1-01 2-01 : g0l . : 40l -0l
R B NN N R TN VR B I L AR P PRI LR R B

~

|

. 3Y43HdS A3ANNOY¥O NO
$37011l¥VYd Q3D5¥VHI 340 NOILO3TT0D
Y04 VLIVQ TTVLNIWIB3JIX3 ANV
AYO3HL 30 NOSIYVIWOI-L Old

{1 I Y O U A O O Y

-
-

ADN31D13433 NOILD3TT0

ol




